In the ribosomal genes of X. laevis, the sequence GACTTGCNC is found about 60bp upstream of the gene promoter (T3) and is necessary and sufficient to cause termination of RNA polymerase I transcription. At the 3'end of the 40S precursor coding region (T2) a sequence differing by one nucleotide, GACTTGCNG, directs RNA 3'end formation but allows polymerase to transcribe on Into the Intergenlc spacer (Labhart and Reeder, 1989, Genes and Dev. 4: 269-276). Sites corresponding to T2 and T3 are also found in a related species, X. borealis. Inspection of the T2 sequence in X. borealis reveals that it contains two copies of the terminator sequence, GACTTGCNC, located 15 and 96 bp downstream of the 3'end of the 40S precursor coding region. Here we present functional tests of those two T2 elements that show that, as predicted from the sequence, they both show termination activity and are functionally indistinguishable from the T3 site In X. laevis. These results suggest that X. laevis T2 is an example of a naturally occurring point mutation, and the inability to terminate transcription at T2 is an exception to the general pattern of ribosomal gene transcription in higher eukaryotes.
INTRODUCTION
Accumulating evidence suggests that the ribosomal genes of the vertebrates, and perhaps most other eukaryotes as well, contain two transcription units per tandem repeat unit (1) . The 3'ends of these two transcription units are defined by one or more termination elements at the end of the rRNA precursor coding region and another single terminator just upstream of the gene promoter (2) (3) (4) (5) (6) (7) (8) (9) . This conservation of ribosomal gene organization is especially apparent in comparisons between X. laevis and the mouse, the two species where RNA polymerase I termination has been studied most extensively. However, one puzzling discrepancy between the frog and mouse terminators has been apparent from the very beginning. In the mouse, the 3'end of the precursor coding region is marked by a series of tandem termination sites which appear to completely prevent polymerase from proceeding into the intergenic spacer (2) . In contrast, in X. laevis there is a single termination-related element at this location (site T2, see Figure 1 ) which efficiently forms 3'ends but fails to show termination activity in various assays (3, 10) . The terminator located upstream of the gene promoter (site T3 in X. laevis; see Figure 1 ) acts as a full termination site in both mouse and frog.
Recently we have shown that the essential DNA sequence for full terminator activity at T3 is GACTTGCNC. At T2 this sequence has been changed by one nucleotide to GACTTGCNG, thereby dissociating 3'end formation from polymerase release (12) . This point mutation at T2 was found in three independently cloned isolates of X. laevis ribosomal DNA indicating that is characteristic of the species and is not due to a cloning artifact.
In the present paper, we have examined the T2 region in the ribosomal DNA of a related frog species, X. borealis, in order to see whether the mutated T2 of X. laevis is an exception or if it represents the general rule (a comparison between the intergenic spacers of X. laevis and X. borealis is shown in Figure  1 .) In the T2 region of X. borealis there are two copies of a termination element (T2-1 and T2-2, Figure 1 ), both of which show the consensus GACTTGCNC (3). Here we report that in functional assays these elements both have properties similar to X. laevis T3 and thus appear to be terminators. We conclude that X. borealis is similar to the mouse in having multiple terminators at the 3'end of its precursor coding region. X. laevis remains an exception in allowing transcription to proceed into the intergenic spacer. It is interesting that this functional difference between the T2 regions of the two frog species appears to have no effect on overall viability of the animal.
MATERIALS AND METHODS

Plasmid constructs
The plasmid constructs used for oocyte injection were based on previously described ribosomal minigene constructs. Plasmid 4O3-T2 (11) contains 160 bp upstream from the transcription start site, thus deleting T3 but leaving an intact promoter. This plasmid was used to insert various fragments at position -160 using synthetic Sal I-linkers. The fragments inserted were (nucleotide positions are relative to the HindHI-site, see [13] ): an Aval (+157)-Aval (+284)-fragment containing the T2 site of X.laevis (XI T2); an Avail (+240)-Avail ( + 356)-fragment containing the first T2 site of X.borealis (Xb T2 -1A); the same fragment inserted in opposite orientation (Xb T2 -IB); an Avail ( + 354)-Avail (+487)-fragment containing the second T2 site of X.borealis (Xb T2-2). The sequence of the insert in the plasmids 403-12bp and 403-7bp is shown in Figure 3 .
M13 clones
For the RNase-protection assays the same T2-containing fragments were cloned in the appropriate orientation into the Sallsite of M13mpl8. Probe B, for the T3 region of X.laevis, was an AM (-290)-Hinfl (-126)-fragment cloned into the Smalsite of M13mpl8. Probe E, for the region of the spacer promoter in X.borealis, was a 276 nucleotide TaqI-Alul-fragment (from 2443-2719 in our published composite spacer sequence [13] ). Probe F, for the T3 region of X.borealis, was a 149 bp Smalfragment (from 3618-3766).
Isolation of nuclei
Xenopus laevis A-6 cells and X.borealis Xb693 cells were grown at room temperature in 50% LI5 medium (GIBCO) supplemented with 10% fetal bovine serum. Nuclei were isolated essentially as described (14) . Cells were trypsinized and washed once in phosphate buffered saline. They were then resuspended at a concentration of 10 7 cells per ml in homogenization medium (0.3 M sucrose, 2 mM Mg(Ac)2, 3 mM CaCl 2 , 10 mM Tris-HC1 (pH 8.0), 0.1% Triton X-100 and 0.5 mM dithiothreitol [DTT] ). Cells were disrupted in a glass-glass homogenizer (Bellco, B pestle). After 20 to 50 strokes one volume of centrifugation medium is added (2M sucose, 5 mM Mg(Ac)2, 10 mM Tris-HCl (pH 8.0), 0.5 mM DTT) and the mixture is layered on 6 ml of centrifugation medium in a 15 ml corex glass tube. The nuclei are pelleted by centrifugation in a HB-4 rotor at 10.000 mm for 3n minutp-s Thp nuclei are washed once i" nuclei freezing buffer (50 mM Tris-HCl (pH 8.0), 40% glycerol, 5 mM MgCl 2 , 0.5 mM DTT) and finally resuspended at a concentration of 1-4xl0 7 per ml. Nuclei were used fresh or were stored in aliquots at -70°C.
Germinal vesicles from X.laevis and X.borealis oocytes were manually isolated as described previously (3) and directly used for transcription.
In vitro transcription of nuclei
For in vitro transcription, an aliquot of isolated nuclei is pelleted and resuspended at a concentration of about 1 -5 x 10 7 per ml in 10/6-x transcription buffer (1 x transcription buffer is: 6 mM MgCl 2 , 80 mM KC1, 20 mM Hepes-KOH (pH 7.9), 0.1 mM EDTA, 5% glycerol, 5 mM DTT). A typical 20 /tl reaction consists of 12 /tl nuclei, 1 /il of a mixture of ATP, UTP, CTP (5 mM each), 3 /tl of 32 P-CTP (to give a minimal concentration 2 /tM), 2 /tl of alpha-amanitin (lmg/ml) and 2 /tl of H 2 O. The reaction is stopped and the RNA is extracted as described (3) . In some reactions, 0.25% sarkosyl (sodium N-lauroyl sarcosine), 0.5 mg/ml heparin or 0.35 M KC1 was present during transcription. Freshly isolated germinal vesicles were transcribed under identical conditions and the labeled RNA was extracted in the same way.
Oocyte injection and SI protection assay Oocyte injection, SI analysis and the end-labeled probes used have been described (3).
RNase-protection assay For the RNase protection assay, the labeled RNA was coprecipitated with an excess of single-stranded DNA probe and resuspended in 30 /tl of 0.3M NaCl, 10 mM Tris-HCl (pH 7.5), and 1 mM EDTA. Hybridization was at 75°C for at least 5 hours. After chilling the samples on ice, 60 ul of hybridization solution containing 5 units/ml RNaseTl and 5 /tg/ml of RNase A were added. The samples were incubated at 25°C for 1 hour and were subsequently extracted with phenol:chloroform:iso-amylalcohol (50:24:1). RNA fragments protected by the probes were purified and analyzed on denaturing polyacrylamide gels as described (3) .
Sequencing of the T2-1 region in Xb693 cells
The sequence surrounding T2-1 in X.borealis was amplified from Xb693 DNA using primer 1 from position +265 to +280 and primer 2 from position +371 to +388 (numbering as in [13] ). Primer 1 contained in addition to the X.borealis sequence a BamHI recognition sequence at its 5'end and primer 2 contained a HindlQ recognition sequence. The sequence of the two primers was 5' GGATCCGGCGTGCGCCTCTCCTCC 3' (primer 1) and 5' AAGCTTGTCGTCGCCGGACAGACA 3' (primer 2). Polymerase chain reaction products were cloned into M13mpl8 and 8 independent clones were analyzed. Native gel electrophoresis of the double stranded BamHI-Hindin fragments revealed 3 classes. The sequence of 1 or 2 clones of each class was determined using the Sequenase sequencing system.
RESULTS
Xenopus borealis has two tandem termination elements at the 3'end of its 40S coding region
When a circular plasmid containing a ribosomal eene promoter plus its adjacent upstream T3 is injected into oocyte nuclei and the resulting transcripts are analyzed using an SI protection assay, only very little transcripts are detected that read through the initiation site. In our assay, correctly initiated transcripts protect 50 nucleotides and readthrough transcripts protect 210 nucleotides of the probe from SI digestion (see Figure 2) . We had previously found that deleting T3, mutagenizing the T3 box or inverting T3 lead to an increase in the readthrough, whereas having T3 in the right orientation at any distance upstream from the promoter prevents readthrough (11, 15) . This result is confirmed in Figure  2 : A plasmid with T3 in its natural location upstream from the promoter shows very little readthrough (lane 1), whereas a significant amount of readthrough is detected upon deletion of T3 Gane 2).
Using this termination assay, we then inserted various fragments upstream from a T3-less promoter in order to test for their termination activity. Partial sequences surrounding the termination-related elements of those inserted DNA fragments are shown in Figure 3 . Insertion of a fragment containing the X.laevis T2 site (XI T2) did not reduce the readdirough signal ( Figure 2 , lane 8), in agreement with our previous finding using a different plasmid injection assay (3). We had also reported that a 12 bp element containing the T3 element, GACTTGCNC, has termination activity, but the 7 bp box sequence GACTTGC does not (10) . This is confirmed using the present assay, as shown in Figure 2 , lanes 3 (plasmid 403-7bp) and 4 (plasmid 4O3-12bp).
At site T2 in X.borealis, the full terminator sequence, GACTTGCNC, is present 15 bp downstream from the 3'end of the 40S precursor and a second copy is found 81 bp further downstream (see Figure 1 ). Here we call those two elements Xb T2-1 and Xb T2-2. When we tested plasmids that had fragments containing either of the two X.borealis T2-elements inserted upstream from a promoter, we found that both Xb T2-1 and Xb T2-2 show termination activity ( Figure 2 , lanes 5 and 7). Termination was orientation dependent, as shown in lane 6, consistent with our previous results with X.laevis T3. We conclude that X.borealis has, at the 3'end of the 40S precursor, two tandemly arranged sites that are functionally equivalent to the T3 termination site in X.laevis.
Termination correlates with the sequence GACTTGCNC.
In several studies, including the present one, we have studied the T2 and T3 sites of both X. laevis and X. borealis, as well as several clustered and single point mutations thereof (3, (10) (11) (12) . In Figure 3 , all of these sequences are aligned with respect to their conserved element, GACTTGC. The combined data show that termination activity correlates with the presence of the sequence GACTTGCNC. All other nucleotide positions in the flanking regions can be changed without affecting termination activity. This reinforces our previous conclusion (12) that the sequence GACTTGCNC constitutes the complete termination signal for ribosomal gene transcription in both species.
Examination of endogeneous T2 and T3-sites in isolated nuclei.
In the following we describe experiments in isolated nuclei, studying the endogeneous T2 sites in X.laevis and X.borealis. We compare the characteristics of those sites to site T3 in X.laevis, known to be an efficient terminator in various assays (3, 10) . We used purified nuclei from an X.laevis kidney cell line and from the X.borealis cell line Xb693. We have extensively characterized the transcnptional properties of the isolated X.laevis nuclei and have found that reinitiation at both gene and spacer promoters continues at a high rate for up to one hour in vitro (16) . For some experiments we also used manually isolated germinal vesicles from oocytes. As an assay we used an RNaseprotection assay described earlier (3). In brief, RNA labeled in vitro by run-on transcription of the nuclei is hybridized to a singlestranded DNA probe spanning the expected site of 3'end formation. After RNase digestion of the hybrids and gel electrophoresis of the protected RNA fragments, we can distinguish RNA reading through the region of the probe from RNA terminating within the region of probe. Note that here we do not use the nuclear run-on assay to determine polymerase densities but to study ongoing termination or 3'end formation during the in vitro transcription reaction.
Site T3 in X.laevis Figure 4 shows the analysis of site XI T3. The probe used extends from -290 to -125 relative to the initiation site (probe B; see Figure 1 ). RNA terminating at -215 should give rise to a protected fragment of 75 nucleotides in length while readthrough, unterminated RNA should give rise to a fragment 165 nucleotides long. It can be seen in Figure 4 ,lane 1, that an RNAse-protection assay of RNA synthesized in nuclei from X.laevis cultured cells shows several protected RNA fragments, the longest of which runs at about 75 nt. No readthrough RNA is detected. In order to characterize the process at XI T3 further, we performed the transcription reaction in the presence of salt, sarkosyl and heparin. examine the effect of heparin, we followed the time course of 3'end formation in the presence and absence of heparin (lanes 5 -10). At short time points, in the absence of heparin, the majority of the termini map near position -215, suggesting that this is where termination actually occurs (lane 5). As time progresses, however, the termini appear to be progressively shortened to produce heterogeneous ends (lanes 7, 9). In the presence of heparin, this nibbling is inhibited and termini continue to accumulate in the vicinity of -215 (lanes 6, 8, 10 ). In addition, heparin slowly damages termination and at longer time points readthrough becomes apparent (lanes 10). From the results shown in Figure 4 we conclude that termination at T3 continues quantitatively and in the correct location in isolated cultured cell nuclei. A similar result was obtained with germinal vesicles from X.laevis oocytes, i.e. 3'end formation was observed with no detectable readthrough. Using different probes, we had found previously that T3 is an efficient terminator in oocyte nuclei (3).
Site T2 in X.laevis A very different result is obtained when site XI T2 is examined. Figure 5A shows assays of RNA synthesized in nuclei from X.laevis cultured cells and analyzed with a probe that spans T2 (probe A). Only one major protected RNA fragment of about 125 nt is observed and it indicates readthrough transcription (lane 2). Correctly formed 3'ends would give rise to protected RNA fragments of about 75 nt (the expected position of such a band is indicated). When we analyze RNA that has been synthesized in the presence of 0.35 M KC1 (lane 3), 0.5% heparin 0ane 4) or 0.25% sarkosyl (lane 5), we find that the result is similar in all cases. This result indicates that in isolated X.laevis nuclei most transcription reads through T2 and 3'end formation is very inefficient. The same result is obtained with RNA synthesized in germinal vesicles (data not shown).
We have previously reported that in both frog species the analysis of total RNA isolated from oocytes reveals 3'ends of RNA mapping to about 15 bp upstream from the T2 box (3). The same result is also obtained upon injection of T2 containing plasmids into oocytes (3, 10, 11) . In order to confirm this result for the tissue culture cell line that we used for the preparation of nuclei, we performed SI analysis of total RNA from this cell line using a probe for T2 ( Figure 5B, lanes 2 and 3) . It is compared to an assay of total oocyte RNA (lanes 4 and 5). In both cases 3'ends map to the same location and the low amount of readthrough RNA indicates that 3'end formation is very efficient. The only difference between the two cell types is that the 3'termini of RNA from tissue culture cells are more heterogeneous than the termini found in oocytes. It therefore appears that the inactivity of T2 in the plasmid injection assay of Figure 2 and in the nuclear reactions of Figure 5A is not reflected in the ability of the site to form 3'ends of RNA in the intact cell.
Site T2 in X.borealis We then wanted to find out how T2 of X.borealis behaves in this assay. We used two adjacent probes. The first one spans Xb T2-1 such that correctly terminated transcripts would give rise to a protected RNA fragment of 45-50 nucleotides and readthrough transcripts would yield an RNA fragment of 115 nucleotides (probe C). The second one contains Xb T2-2 but it would only allow us to detect readthrough transcripts, the expected protected RNA fragment being 130 nt long (probe D). These probes were then used to analyze RNA synthesized in nuclei from X.borealis Xb693 cells (Figure 6 ). With a probe to Xb T2-1 (probe C, lanes 2 and 6), a series of protected RNA fragments are observed in the range of about 25-50 nt. The longest of these protected fragments has the correct size for correctly terminated transcripts. In addition, a cluster of bands are observed at about 76nt which we interpret as readthrough due to incomplete termination. (When we analyse RNA from Xb693 cells this readthrough band is consistently shorter than the expected length for full length protection. As we shall show below, this finding can be explained by sequence differences between the spacers in the Xb693 cells and the particular cloned spacer from which the probe was derived.) Essentially no transcription is detected downstream from Xb T2-2 in Xb 693 cells (lane 7). Two additional probes in the spacer, one at the spacer promoters (probe E) and one at Xb T3 (probe F), did not detect any transcription in those regions ( Figure 6, lanes 8 and  9) . We conclude that in Xb693 cells there are two tandem termination sites, Xb T2-1 and T2-2. Xb T2-1 is leaky but the combination of both sites stops all detectable transcription.
The result obtained with X.borealis oocytes was quantitatively different (Figure 6, lanes 10-13) . As in Xb693 cells, the oocytes show both termination and readthrough at XbT2-l (lan e 10; note that the readthrough bands are heterogenous, extending from 76nt to the expected full-length protection size of 115nt. An explanation for this RNase-protection pattern will be given below.) In contrast to the cultured cells, however, oocytes also Figure 6 . Analysis of X.borealis T2 in isolated nuclei. Nuclei, either from the cell line Xb693 (lanes 2-9) or manually isolated from oocytes (lanes 10-13), were transcribed in vitro and the labeled RNA was analyzed with various RNAseprolection probes. The probes were specific for Xb T2-1 (probe C; lanes 2, 3, 4, 5, 6, and 10), for Xb T2-2 (probe D; lanes 7 and 11), for a region containing the spacer promoter (probe E; lanes 8 and 12) or for Xb T3 (probe F; lanes 9 and 13). Transcription of nuclei was for 30 minutes (lanes 2-5) or 10 minutes (lanes 6-13). Lane 1: End-labeled HpaU-digest of pBR322. The labeling 'Xb T2-1 r.t.' andXbT2-l 3'ends'applies only to lanes 2-5, 6 and 10. The labeling 'Xb T2-2 r.t.' applies only to lanes 7 and 11. Note that the Xb T2-1 displays similar characteristics as the XI T3 ( Figure 3 ) when transcribed under various conditions. Transcription is not detected downstream of Xb T2-2 in the cell line (lanes 7-9) but clearly proceeds into the spacer in oocytes (lanes 11 -13). r.t.: readthrough.
show transcription reading through XbT2-2 (lane 11). In addition, significant transcription signals are also detected by probe E (lane 12, around the spacer promoters). The multiple bands detected by probe E are due to internal cutting within the probe and are indicative of readthrough. A small amount of full length protection of probe E was also seen in lane 12 which is not shown in Figure 6 . A significant transcription signal was also detected by probe F (at the site of Xb T3) but is too weak to reproduce in Figure 6 . From this analysis we conclude that, in contrast to Xb693 cells, even the combination of T2-1 and T2-2 is leaky in X. boreal is oocytes and some transcription proceeds past those sites into the spacer. Probe E, used to assay for transcription at the spacer promoters of X.borealis, would allow one to detect specific initiation at these promoters. In other experiments (P.L., unpublished) we have injected X. borealis spacer promoters into oocyte nuclei and probe E readily detects 5'ends (initiation at the expected +1 position . Sequence heterogeneity of the T2-1 region in Xb693 cells. Three different types of sequences found in the T2-1 region are compared to the sequence of the cloned rDNA used as a probe in the RNase-protection assays. Note that 7 out of 8 clones showed a major sequence change downstream from the XbT2-l termination element. Nucleotide changes as compared to the cloned sequence are underlined. A dash indicates a missing nucleotide. The entire amplified sequence is shown, excluding the primers on both sides. Nucleotide positions are given relative to the Hind Ill-site (see [13] ). The arrows below indicate the expected lengths of the protected RNA fragments for terminated transcripts (45 nt), for readthrough transcripts that diverge from the probe (76 nt), and for readthrough transcripts that are fully complementary to the probe (115 nt).
produces a protected band of 65nt). Probe E produces no protected bands at all with RNA from cultured cells ( Figure 6 , lane 8) and none of the faint bands in the assay of oocyte nuclear RNA (lane 12) corresponds to correctly initiated transcripts. We have also found that the bands seen in lane 12 remain when nuclear transcription is carried out in concentrations of Sarkosyl that abolish initiation; further indication that the bands are due to readthrough from some upstream site. Furthermore, analysis of stable RNA from both oocytes and cultured cells revealed only trace amounts of correctly initiated transcripts at the spacer promoters; cloned spacer promoters, however, are fully functional when injected into oocyte nuclei (P.L., unpublished observations). Taken altogether, these findings indicate that the spacer promoters are transcriptionally silent in both the Xb693 cell line as well as in the X. borealis oocytes we have analyzed. By comparison, spacer promoter activity is readily observed in X. laevis cultured cells, both in nuclear run-on assays (16) and in assays of stable RNA (17, 18) .
In order to further characterize site T2-1 in X.borealis, we studied its behaviour towards various treatments as shown above for sites T2 and T3 in X.laevis. The result shows that it behaves similar to site T3 in X.laevis, in that salt and sarkosyl cause high levels of readthrough to appear ( Figure 6 , lanes 3 and 5) whereas heparin leads to only a slight increase in the readthrough. Again like at site T3 in X.laevis, heparin causes an apparent stabilization of the correctly terminated transcripts (lane 4), which appear to get partially degraded in the control reaction (lane 2). The similarity between Xb T2-1 and XIT3 is obvious when comparing the band pattern in Figure 4 , lanes 1-4 and Figure 6 , lanes 2-5. The only observed difference between site T2-1 in X.borealis and XI T3 is the significant level of readthrough transcription in the control reaction (lanes 2, 6, 10).
Sequence heterogeneitiy in the T2-1 region of X.borealis As we had described above, the longest RNA fragments that were protected by probe XbT2-l were about 76 nt long for RNA from tissue culture cells ( Figure 6 , lanes 2-6) and several protected RNA species in the range of 76 to 115 nt were found with RNA from oocytes ( Figure 6, lane 10) . A control with in vitro synthesized RNA using the T7 RNA polymerase system yielded the expected 115 nt long protected RNA, therefore ruling out the possibility that the shorter RNA fragments were the result of internal cutting of the RNA-DNA hybrids by the RNases (data not shown). We therefore tested the idea that the rDNA sequence of the T2-1 region in the Xb693 cells was different from the sequence of the clone used as probe XbT2-l. Polymerase chain reaction products of the XbT2-l region were cloned and analyzed. Gel electrophoresis of the amplified regions from 8 clones revealed 3 different classes which were represented by 1, 5 and 2 clones, respectively. The single clone PCR #6 showed a sequence essentially identical to the sequence of the probe XbT2-l ( Figure 7) . Sequencing of clones of the other two size classes (PCR#7 and PCR#5,8), however, revealed major changes immediately downstream of the T2-1 termination element ( Figure  7 ). While clone PCR #7, found at a frequency of 5 out of 8, showed clustered nucleotide changes in that region, clones PCR # 5 and 8 both showed an insertion of 13 nucleotides. Both of those changes are clearly sufficient to allow internal cutting by RNase in the hybrid between RNA and our probe XbT2-l. In addition, the location of those changes explains the finding that the major protected RNA fragment is 76 nt long. While we did not analyze the rDNA sequence in the T2-1 region of X.borealis oocytes, our results suggest that similar but distinct sequence heterogeneities are found in oocyte rDNA.
DISCUSSION
Our initial mutagenesis study on the ribosomal gene terminator of Xenopus laevis identified a 12 bp element containing the 7 bp T3 box that was necessary and sufficient for termination (10) . The 7 bp box sequence alone did not show termination activity and neither did site T2 of X.laevis. Those results indicated that some nucleotide(s) flanking the T3 box were additionally required for termination function. In a later study we have shown that the sequence GACTTGCNC is the minimal terminator (12) . This explains the inactivity of site T2 of X.laevis, which shows the sequence GACTTGCNG. In that study, we found that changing the terminal G to a C restores termination activity to the X.laevis T2.
The sequence at the 3'end of the 40S precursor shows several elements that are conserved between X.laevis and X.borealis (3). These include the 7 bp T2 box located 15 bp downstream from the RNA 3'ends. In X.borealis, but not in X.laevis, the T2 box including some of the flanking nucleotides is duplicated 81 bp further downstream. We note that, again unlike X.laevis, they both show the consensus sequence GACTTGCNC. Here we show that fragments containing either of the duplicated X.borealis T2-elements in fact do terminate transcription. The X.borealis T2-elements are functionally indistinguishable from the T3 site in X.laevis. In order to identify the sequences required for transcription termination, we have used oocyte injection assays. Two basically different assays were used. In the first one we inserted the DNA fragments to be tested downstream from a ribosomal gene promoter and assayed for termination activity at a site further downstream of the insert (3, 10) . In the second type of assay we inserted the test fragments upstream from a T3-less promoter and take the presence or absence of transcription around the circle back through the initiation site as a measure for termination (15; this work). The results obtained with these two assays are in concordance in all cases where a fragment has been tested in both assays.
It is important to note that in both assays we measure transcript levels downstream from the DNA fragment to be tested for termination activity. We always find an all or nothing effect. However, when we analyze 3'end formation and readthrough right at the test fragment, the result often is not so clear. For example, when site T3 and an inactive mutant thereof were inserted immediately downstream from the promoter, we found high levels of readthrough in both cases, even though a clear difference between the two plasmids was detected further downstream (10) . Similarly, we recently described a mutant of T3 that does not affect the levels of 3'ends at T3, but shows a drastic increase in RNA levels at sites further downstream (12) . We think that those observations are related to the present finding that in X.borealis oocyte nuclei a considerable amount of polymerases read through the duplicated T2-elements into the spacer. Furthermore, a significant amount of readthrough at T2-1 is also detected in tissue culture cell nuclei, while no readthrough at all is seen at T3 in X.laevis. All those sites, however, behave identically in the plasmid injection assay, where they are tested with identical surrounding sequences and under identical transcription conditions. We hypothesize that the sequence GACTTGCNC somehow destabilizes RNA polymerase I, but that the rapidity of its release depends on additional factors like the proximity to the promoter, the downstream sequence or tissue specific trans-acting factors.
In all eukaryotes that have been examined the ribosomal genes are transcribed as a large precursor molecule of discrete size. This implies that they all have a defined site of 3'end formation, which in the cases which have been examined, lies several hundred bp downstream of the mature 3'end of the 28S rRNA coding sequence. It appears to be optional, however, whether this site of 3'end formation also is a terminator. The mouse and human rDNA was shown to have repeated terminator elements at the 3'end of the precursor (9) . Similar box-like elements are also found in the rat spacer (7), but transcriptional activity was detected in the downstream spacer, suggesting that some polymerase I molecules may transcribe through those terminators (19) . X. borealis would also seem to fit into this category in that it has termination elements at the 3'end of the precursor, butat least in oocytes-some low level of transcription is detected in the spacer. On the other hand, the single terminator-like element at the 3'end of the precursor in X.laevis (site T2), does not show any termination activity at all in our assays. Indications are that termination at a corresponding site does not occur in Drosophila either (4) . This leads to the conclusion that such readthrough transcription into the spacer is relatively neutral. It probably has no function but is not deleterious and is tolerated when it occurrs.
It is also interesting to view the present results with regard to enhancer function. Transcription of the enhancer sequences in both X.laevis and X.borealis depends either on spacer promoter activity and/or on readthrough transcription through T2. The two tissue culture cell lines studied in the present work appear to represent two extreme cases, with high levels of T2-readthrough combined with spacer promoter activity in X.laevis and low levels of T2-readthrough and no spacer promoter activity in X.borealis. Since the requirement (or dispensability) of the enhancer is likely to be the same for the two cell lines, the present results appear to rule out any functional link between the transcription of the enhancer sequences and their function.
